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1
CERAMIC MATERIAL AND SPUTTERING
TARGET MEMBER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a ceramic material and a
sputtering target member, and more specifically to a ceramic
material and a sputtering target member containing magne-
sium oxide as a main component.

2. Description of the Related Art

Magnesium oxide (MgO) has been used for refractories,
additives, electronic components, fluorescent materials, raw
materials for target members, raw materials for supercon-
ducting thin film bases, tunnel barriers of magnetic tunnel
junction elements (hereafter, MTJ elements), protective
films for color plasma display panels (PDPs), and the like
and have received attention as a material for a very wide
range of uses. In particular, sputtering target members are
used for forming tunnel barriers of MTJ elements that use a
tunneling magnetoresistance effect. The tunneling magne-
toresistance effect is a resistance-change phenomenon that
occurs, in an MTJ element in which a very thin insulator
with a thickness of several nanometers is sandwiched
between two magnetic layers, when the relative directions of
magnetization of the two magnetic layers are parallel or
antiparallel. The tunneling magnetoresistance effect is
applied to, for example, a magnetic head of a hard disk using
a change in electrical resistance in the magnetization states.

In recent years, magnetoresistive random access memory
(hereafter, MRAM) that uses the above-described MTIJ
elements has been studied (e.g. refer to PTL 1). In MRAM,
for example, many MTJ elements are arranged and the
magnetization alignment of each of the MTIJ elements is
used for an information carrier. MRAM has characteristics
such as non-volatility, high-speed operation, and high endur-
ance for many writings, and thus has been developed as
memory that surpasses known semiconductor memories
(e.g., SRAM and DRAM). Memories whose storage capac-
ity is several megabits (Mbit) to several tens of megabits
(Mbit) have been made on an experimental basis so far.
However, the storage capacity needs to be further increased
to a gigabit (Gbit) level to replace, for example, DRAM with
MRAM.

Single crystal MgO or high-purity MgO have been gen-
erally used for film bodies of tunnel barriers of MTIJ ele-
ments, and such a tunnel barrier has been generally formed
by sputtering with a sputtering target member composed of
a high-purity MgO sintered body. In recent years, however,
an insulating film in which the tunneling magnetoresistance
can be artificially changed by using a tunnel barrier in which
part of MgO is replaced has been developed (e.g., refer to
PTL 2 and PTL 3).

PATENT LITERATURE

PTL 1: JP 2006-80116
PTL 2: JP 2007-305610 A
PTL 3: WO 2012/056808 A

SUMMARY OF THE INVENTION

When a film body in which part of MgO is replaced
produced, an element to be replaced with MgO is sputtered
using a different target (co-sputtering) or an element to be
replaced with MgO is sputtered using a single sputtering
target containing different compounds (composite target).
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However, it can be easily imagined in the co-sputtering that
the apparatus and process are complicated. In the composite
target, when sputtering rates of the compounds are different
from each other, a compound with a low sputtering rate may
generate dust from the target. Therefore when a film body in
which part of MgO is replaced is produced, the sputtering
target is also desirably a sintered body in which part of MgO
is replaced.

It is known that, for example, CoO and FeO form a
complete solid solution with MgO, and a sintered body in
which part of MgO is replaced can be easily produced using
Co and Fe. However, other elements are not dissolved in
MgO or are only dissolved in a high-temperature region, and
thus a solid solution is often not produced at room tempera-
ture. For example, it is known that Al is dissolved in MgO
in high-temperature region, but is precipitated as spinel at
room temperature. Therefore, a solid solution in which part
of MgO is replaced with Al cannot be produced at room
temperature, except for a special method such as quenching.
This may be because of the difference in valence number
between Mg and Al. In PTL 3, a solid solution obtained by
dissolving Al whose valence number is different from Mg is
stably produced at room temperature by adding AIN and
Al O, together to MgO. The ceramic material in PTL 3
includes, as a main phase, a crystal phase of an MgO—AIN
solid solution obtained by dissolving an aluminum nitride
component in magnesium oxide and has higher moisture
resistance and water resistance than magnesium oxide.

However, in PTL 3, cation defects may be formed in Mg
sites. Although the functions of the ceramic material are
improved, defects are believed to be included in a crystal
structure of the solid solution.

In view of the foregoing, it is a main object of the present
invention to provide a novel ceramic material obtained by
dissolving gallium in magnesium oxide and a sputtering
target member.

As a result of extensive studies conducted to achieve the
above main object, the present inventors have found that
gallium oxide and lithium oxide can be dissolved in mag-
nesium oxide by adding gallium oxide to magnesium oxide
and also adding a component for generating lithium oxide
under heating. Thus, the present invention has been com-
pleted.

A ceramic material according to the present invention
includes: magnesium, gallium, lithium, and oxygen as main
components, wherein a crystal phase of a solid solution
obtained by dissolving gallium oxide and lithium oxide in
magnesium oxide is a main phase.

A sputtering target member of the present invention is
made of the above-described ceramic material.

In the present invention, a novel material obtained by
dissolving gallium oxide and lithium oxide in magnesium
oxide can be provided. FIGS. 1A and 1B schematically
shows solid solutions in the case where gallium oxide is
dissolved in magnesium oxide. FIG. 1A shows the case
where lithium does not coexist and FIG. 1B shows the case
where lithium coexists. In general, gallium oxide (Ga,0,) is
partially dissolved in magnesium oxide (MgO) at high
temperature, but it is difficult at room temperature to obtain
a solid solution in which magnesium oxide is replaced with
gallium oxide in a high concentration and MgGa,O, is likely
to be precipitated. The reason for this may be as follows.
When part of magnesium oxide is replaced with gallium
oxide, cation defects are formed in magnesium sites to keep
electroneutrality because the valence number of magnesium
is 2 whereas the valence number of gallium is 3. Thus,
structural instability is caused at room temperature (FIG.
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1A). In contrast, the present invention can provide a material
in which gallium oxide and lithium oxide are dissolved in
part of magnesium oxide at room temperature. This may be
because part of magnesium is replaced with gallium and the
thus-formed cation defects are replaced with lithium, and
thus the electroneutrality can be kept without forming cation
defects (FIG. 1B). Furthermore, since a solid solution in
which part of magnesium is replaced with gallium and
lithium is obtained at room temperature, a film body in
which part of magnesium is replaced with gallium and
lithium can be obtained by performing sputtering that uses
the ceramic material. For the above reason, cation defects
are not easily formed in the film body. Therefore, when an
MT]J element is produced, it is likely that a high magne-
toresistance ratio is achieved and also a tunnel barrier is
formed in which the tunnel resistance can be artificially
changed, for example, the tunnel resistance is decreased by
affecting the MgO tunnel barrier height through doping of
gallium and lithium. In addition, since the dissolution of
gallium oxide and lithium oxide changes the lattice constant
of magnesium oxide, the lattice constant can be adjusted in
accordance with the amounts of gallium oxide and lithium
oxide dissolved. As to result, the lattice matching with a
material on which a film is formed can be controlled. For
example, the lattice matching with a magnetic layer in the
MT]J element may be controlled.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B schematically show solid solutions in
the case where gallium oxide is dissolved in magnesium
oxide and the case where gallium oxide and lithium oxide
are dissolved in magnesium oxide.

FIG. 2 shows measurement results of XRD in Experi-
mental Examples 1 and 3.

FIG. 3 is an enlarged view of peaks of solid solution
crystal phases obtained by XRD measurement in Experi-
mental Examples 1 and 3.

FIG. 4 shows SEM backscattered electron images in
Experimental Examples 1 and 3.

FIG. 5 shows SIMS measurement results of Experimental
Example 3 and a sputtered film produced from Experimental
Example 3.

DETAILED DESCRIPTION OF THE
INVENTION

A ceramic material of the present invention contains
magnesium (Mg), gallium (Ga), lithium (Li), and oxygen
(O) as main components. The crystal phase of an MgO—
Ga,0;—Li,0 solid solution (a solid solution of the present
invention, also simply referred to as a solid solution here-
after) obtained by dissolving gallium oxide and lithium
oxide in magnesium oxide is a main phase.

in this ceramic material, an XRD peak of a (200) plane of
the solid solution with CuKa rays preferably appears at
20=42.91° or more which is larger than an angle at which a
peak of a cubic crystal of magnesium oxide appears. When
the crystal phase of the MgO—Ga,0,—Li,0 solid solution
obtained by dissolving gallium oxide and lithium oxide in
magnesium oxide is formed, such a peak shift in XRD is
believed to occur. As the amounts of the gallium oxide and
lithium oxide dissolved increase, the XRD peak of the
magnesium oxide shifts to higher angles. However, if the
amounts of the gallium oxide and lithium oxide added are
excessively increased, the gallium, oxide and lithium oxide
are not completely dissolved, which readily generates minor
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phases (heterogeneous phases). Therefore, the XRD peak of
a (200) plane of the solid solution preferably appears at
20=42.91°. This range is preferred because the amount of
minor phases generated decreases. The XRD peak of a (200)
plane of the solid solution more preferably appears at
20=42.91° to 43.02°. This range is particularly preferred
because minor phases are substantially not contained.

The ceramic material of the present invention may con-
tain, for example, magnesium-gallium composite oxide as
minor phase, while the ceramic material preferably contains
little minor phases and more preferably contains no minor
phase. An example of the magnesium-gallium composite
oxide is MgGa,O,. In addition to this phase, the ceramic
material of the present invention may contain unknown
components, but the content of the minor phases is prefer-
ably as low as possible. For example, the content of the
minor phases is preferably 10 vol % or less (the content of
the main phase is 90 vol % or more) more preferably 5 vol
% or less (the content of the main phase is 95 vol % or
more). Herein, the main phase refers to a component whose
content is 50% or more on a volume basis. The minor phases
are phases, other than the main phase, which are identified
from XRD peaks. The main phase and the minor phases can
be determined by observing a cross-section of the ceramic
member with an electron microscope (SEM) to obtain an
EPMA element mapping image. The area ratio measured by
the cross-sectional observation is considered to reflect the
volume ratio. Therefore, the main phase is defined as a
region that occupies an area of 50% or more, which is
determined by the microstructure observation with a SEM
and the EPMA element mapping image. The minor phases
are defined as regions other than the region of the main
phase.

In the ceramic material of the present invention, the molar
ratio Li/Ga of Li to Ga is preferably in the range of 0.80 or
more and 1.20 or less, and more preferably in the range of
or more and 1.15 or less. In consideration of the valence
number of Mg, the valence number of Ga, and the valence
number of Li, the molar ratio Li/Ga is ideally preferably
1.00. The molar ratio Li/Ga is determined by performing the
chemical analysis of the ceramic material. The chemical
analysis can be performed, for example, by dissolving the
ceramic material and then performing chelatometry for Mg
and inductively coupled plasma atomic emission spectros-
copy for Ga and Li.

In the ceramic material of the present invention, assuming
that contents of compounds containing magnesium, gallium,
and lithium, the compounds being contained in a starting
material, are respectively calculated based on magnesium
oxide (MgO) gallium oxide (Ga,0;), and lithium oxide
(Li,O) and the total content of the magnesium oxide, the
gallium oxide, and the lithium oxide is 100 mol %, the
content of the magnesium oxide is preferably 70.0 mol % or
more and 99.8 mol % or less, the content of the gallium
oxide is preferably 0.1 mol % or more and 15.0 mol % or
less, and the content of the lithium oxide is preferably 0.1
mol % or more and 15.0 mol % or less. In these ranges,
gallium oxide can be dissolved in magnesium oxide. Fur-
thermore, the content of the magnesium oxide is more
preferably 90.0 mol % or more and 99.8 mol % or less, the
content of the gallium oxide is more preferably 0.1 mol %
or more and 5.0 mol % or less, and the content of the lithium
oxide is more preferably 0.1 mol % or more and 5.0 mol %
or less. Herein, the molar ratio of lithium oxide to gallium
oxide is preferably about 1. For example, the molar ratio of
lithium oxide to gallium oxide is preferably 0.80 or more,
and more preferably 1 or more. These ranges are more
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preferably employed because the minor phases are substan-
tially not contained. Note that the molar ratio is preferably
5 or less.

In the ceramic material of the present invention, in the
solid solution, an XRD peak measured with CuKa rays may
shift to higher angles with respect to an XRD peak of
magnesium oxide measured with CUKa rays. Herein, the
XRD peak of the solid solution shifts to higher angles by
preferaby 0.01° or more and 0.10° or less and more prefer-
ably or less with respect to the XRD peak of magnesium
oxide. When a crystal phase of an MgO—Ga,0;—Li,0
solid solution obtained by dissolving gallium oxide and
lithium oxide in magnesium oxide is formed, such a peak
shift in XRD it believed to occur. Herein, the phrase “with
respect to an XRD peak of magnesium oxide” indicates that,
if the ceramic material is formed on a base, an XRD peak of
the ceramic material formed on the base shifts to higher
angles with respect to an XRD peak measured in the tame
state as that of the ceramic material, for example, in the state
in which the magnesium oxide is formed on the same base.

The ceramic material of the present invention may be
formed in a film like shape. For example, a film body may
be formed on a base by using the ceramic material of the
present invention as a sputtering target and performing
sputtering. The film body formed by sputtering also
includes, as a main phase, the crystal phase of the solid
solution obtained by dissolving gallium oxide and lithium
oxide in magnesium oxide. The film body may have a
thickness of, for example, 1 nm or more and 1000 nm or less
or 1 um or more and 1000 pm or less. In the film body, an
XRD peak measured with CuKa rays may shift to higher
angles with respect to an XRD peak of magnesium oxide
measured with CuKa rays. Herein, the XRD peak of the film
body shifts to higher angles by preferably 0.01° or more and
0.10° or less and more preferably 0.06° or less with respect
to the XRD peak of magnesium oxide. The base is not
particularly limited and may be made of an inorganic
material or an organic material. Examples of the base made
of an inorganic material include substrates for semiconduc-
tors of silicon, silicon carbide, gallium nitride, and the lire
and insulating substrates composed of alumina, quartz, and
the like.

In the ceramic material, lower open porosity is preferable.
The open porosity is preferably 36% or less, more preferably
8% or less, and further preferably 1% or less. Herein, the
open porosity is measured by an Archimedean method that
uses pure water as a medium. An open porosity of more than
36% is not preferred because the strength may decrease, the
material itself may easily generate dust due to particle
detachment, and dust components are easily collected in
pores during the material processing or the like. The open
porosity is preferably close to zero. Therefore, the open
porosity does not have a particular lower limit.

The ceramic material can be used for a sputtering target
member. That is, a sputtering target member of the present
invention may be made of a ceramic material including, as
a main phase, the crystal phase of the solid solution obtained
by dissolving gallium oxide and lithium oxide in magnesium
oxide. The ceramic material of the present invention is
believed to maintain the crystal structure of magnesium
oxide and have higher functions, and thus is preferably used
for a sputtering target member. Herein, a ceramic material
whose content of minor phases is low is preferably used for
a sputtering target member. When the sputtering target
member contains minor phases, the sputtering rate may be
different between the main phase and the minor phases.
However, if the content of the minor phases is low, the

5

10

15

20

25

30

35

40

45

50

55

60

65

6

degradation of the homogeneity of a film to be formed can
be suppressed and also the generation of dust from the
sputtering target member can be further suppressed. In
addition, since the lattice constant of the magnesium oxide
is changed by dissolving gallium oxide and lithium oxide,
the lattice constant can be adjusted in accordance with the
amounts of gallium oxide and lithium oxide dissolved. As a
result, the lattice matching with a material on which a film
is formed can be controlled.

The sputtering target member may be used for forming,
for example, a tunnel barrier of a magnetic tunnel junction
element. The dissolution of gallium oxide and lithium oxide
generates an impurity level in a band gap of magnesium
oxide, and thus an effect of decreasing the tunnel barrier
height and the like are expected. The ceramic material is
preferably used for producing the magnetic tunnel junction
element which is at least one of a magnetic head of a hard
disk and a magnetoresistive random access memory. Since
they require a low electrical resistance and a high magne-
toresistance ratio, the ceramic material is suitably used.

Next, a method for producing a ceramic material accord-
ing to the present invention will be described. The method
for producing a ceramic material according to the present
invention includes a mixing step of mixing a compound
containing magnesium, a compound containing gallium, and
a compound containing lithium to obtain a mixed powder
and a firing step of firing the mixed powder to produce a
ceramic material including, as a main phase, a crystal phase
of a solid solution obtained by dissolving gallium oxide and
lithium oxide in magnesium oxide.

In the mixing step, compounds containing magnesium,
gallium, and lithium are mixed. Examples of the compounds
containing magnesium, gallium, and lithium include oxides,
hydroxides, carbonates, nitrates, sulfates, and chlorides of
each element. The magnesium and the gallium are prefer-
ably in the form of oxides and the lithium is preferably in the
form of carbonates or hydroxides. In the mixed powder
composition, assuming that the contents of the compounds
containing magnesium, gallium, and lithium, which are
contained in a starting material, are respectively calculated
based on magnesium oxide (MgO), gallium oxide (Ga,0,),
and lithium oxide (Li,O) and the total content of the
magnesium oxide, the gallium oxide, and the lithium oxide
is 100 mol %, the content of the magnesium oxide is
preferably 70.0 mol % or more and 99.8 mol % or less, the
content of the gallium oxide is preferably 0.1 mol % or more
and 15.0 mol % or less, and the content of the lithium oxide
is preferably 0.1 mol % or more and 15.0 mol % or less. In
these ranges, gallium oxide can be dissolved in magnesium
oxide. Furthermore, the content of the magnesium oxide is
more preferably 90.0 mol % or more and 99.8 mol % or less,
the content of the gallium oxide is more preferably 0.1 mol
% or more and 5.0 mol % or less, and the content of the
lithium oxide is more preferably 0.1 mol % or more and 5.0
mol % or less. Assuming that the contents of the raw
materials are calculated based on magnesium oxide, gallium
oxide, and lithium oxide, the molar ratio of the lithium oxide
to the gallium oxide is preferably about 1. For example, the
molar ratio is preferably 0.80 or more and more preferably
1 or more. These ranges are preferred because the minor
phases are substantially not formed. Note that the molar ratio
is preferably 5 or less.

In the firing step, the mixed powder is fired. In the firing
step, firing may be performed at an atmospheric pressure, an
increased pressure, or a reduced pressure. Alternatively, hot
pressing may be performed. Among them, the hot pressing
is preferred because the open porosity can be farther
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decreased. The hot pressing may be performed in an inert
atmosphere at high temperature as long as the ceramic
material is not reduced. Examples of the inert atmosphere
include Ar, He, and N,,. In this step, the firing temperature
is preferably 1200° C. or more, more preferably 1400° C. or
more, and further preferably 1500° C. or more,. The firing
temperature is preferably high because the open porosity can
be further decreased. The firing temperature is more pref-
erably 1200° C. or more in order to further suppress the
formation of minor phases. The firing temperature is pref-
erably, for example, 2000° C. or less in view of energy
consumption when hot pressing is performed, the pressing
pressure is preferably 50 to 300 kgf/cm?. The atmosphere
during the firing is preferably an atmosphere in which
gallium oxide is not reduced into metal gallium and par-
ticularly preferably an atmosphere containing oxygen. The
molding pressure before firing is not particularly limited,
and may be suitably set to a pressure that can retain the
shape.

After the firing step, the ceramic material may be further
subjected to an annealing treatment which is a heat treatment
performed in an oxidizing atmosphere. The annealing treat-
ment is preferably performed after the firing is performed in
an inert atmosphere, for example, after the hot pressing. An
example of the oxidizing atmosphere is an air atmosphere.
The annealing treatment temperature can be determined in
accordance with the balance with the firing temperature and
may be, for example, 1200° C. or more or 1400° C. or more.
The annealing treatment temperature may be, for example,
2000° C. or less. It is believed that, as a result of the
annealing treatment, oxygen defects can be further reduced.

According to the above-described ceramic material, and
sputtering target member of this embodiment, a novel mate-
rial obtained by dissolving gallium oxide and lithium oxide
in magnesium oxide can be provided. For example(when
part of MgO is replaced with Ga,O,, cation defects are
formed in Mg sites to keep electroneutrality because the
valence number of Mg is 2 whereas the valence number of
Ga is 3. Thus, structural instability is caused at room
temperature, and therefore it is difficult to obtain a solid
solution in which magnesium oxide is replaced with gallium
oxide in a high concentration and MgGa,O, is likely to be
precipitated. In contrast, in the ceramic material of the
present invention, part of Mg is replaced with Ga and the
thus-formed cation defects are replaced with Li. As a result,
the electroneutrality is kept without forming cation defects,
and thus gallium oxide and lithium oxide can be dissolved
in magnesium oxide (refer to FIGS. 1A and 1B). Therefore,
for example, a sputtering target that is used in a simple
apparatus and process compared with co-sputtering and that
does not easily generate dust compared with a composite
target can be produced. For the above reason, cation defects
are not easily formed. When an MTJ element is produced, it
is likely that a high magnetoresistance ratio is achieved and
also a tunnel barrier is formed in which the tunnel resistance
can be artificially changed, for example, the tunnel resis-
tance is decreased by doping of Ga and Li. Furthermore,
since the dissolution of gallium oxide and lithium oxide
changes the lattice constant of magnesium oxide, the lattice
constant can be adjusted in accordance with the amounts of
gallium oxide and lithium oxide dissolved. As a result, the
lattice matching with a material on which a film is formed
can be controlled. For example, the lattice matching with
magnetic layer in the MTJ element may be controlled.

The present invention is not limited to the embodiments
described above and can be implemented in various aspects
within the scope of the present invention.

EXAMPLE

Hereafter, examples to which the present invention is
suitably applied will be described. Experimental Examples
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2to 10, and 12 to 17 correspond to Examples of the present
invention and Experimental Examples 1, 11, and 18 corre-
spond to Comparative Examples.

Experimental Examples 1 to 13

In a mixing step, a commercially available MgO raw
material, Ga,O; raw material, and Li,CO; raw material were
weighed so as to satisty the mass % shown in Table 1, and
mixed in a wet process for four hours using isopropyl
alcohol as a solvent, a pot made of nylon, and iron-core
nylon balls having a diameter of 20 mm as rounded stones.
After the mixing, the resulting slurry was taken out and dried
in a nitrogen stream at 110° C. Subsequently, the dried
mixture was passed through a 30-mesh sieve to prepare a
mixed powder. In a molding step, the mixed powder was
subjected to uniaxial compression molding at a pressure of
100 kgf/em?® to produce a disc-shaped molded body having
a diameter of about 35 mm and a thickness of about 10 mm.
The molded body was then pressed at 3000 kgf/cm? by cold
isostatic pressing (CIP). In a firing step, the disc-shaped
molded body was inserted into a sagger made of MgO and
hermetically sealed, and fired in the air at a predetermined
temperature. The firing was performed at the maximum
temperature shown in Table 1, and the maximum tempera-
ture was kept for two hours.

Experimental Examples 14, 16, and 18

After the mixed powder was prepared by the same method
as above, the mixed powder was subjected to uniaxial
compression molding at a pressure of 100 kgf/cm? to pro-
duce a disc-shaped molded body having a diameter of about
50 mm and a thickness of about 20 mm. The disc-shaped
molded body was inserted into a graphite mold for firing. In
a firing step, the disc-shaped molded body was subjected to
hot pressing to obtain a ceramic material. In the hot pressing,
the pressing pressure was 200 kgf/cm?, firing was performed
at the firing temperature (maximum temperature) shown in
Table 1, and an N, atmosphere was kept until the completion
of the firing. The firing temperature was kept for four hours.

Experimental Examples 15 and 17

The ceramic material obtained by the hot pressing was
further subjected to an annealing treatment in the air. The
ceramic material obtained by the hot pressing in Experi-
mental Example 14 was subjected to an annealing treatment.
As the annealing treatment, the ceramic material was
inserted into a sagger made of MgO, hermetically sealed,
and fired at 1450° C. for five hours in the air to obtain a
ceramic material of Experimental Example 15. The ceramic
material of Experimental Example 16 was subjected to an
annealing treatment in the air by the same method as above
to obtain a ceramic material of Experimental Example 17.

Sample for Sputtering

Sputtering targets were produced using sintered bodies
produced so as to have the compositions in Experimental
Examples 3 and 11, and sputtering was performed. Each of
the sputtering targets was produced as follows. The size was
changed, firing was performed by the same method as in
Experimental Examples 3 and 11, and processing was per-
formed to obtain a sintered body having a diameter of 100
mm and a thickness of 3 mm. The sintered body was then
joined to a backing plate. Sputtering was performed with a
magnetron RF sputtering apparatus at normal temperature
for 120 minutes under the following conditions: ultimate
vacuum 5x10~* Pa, sputtering gas pressure 0.1 Pa, sputtering
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gas 20 sccm (25° C.) in total at a ratio of Ar/0,=99.5/0.5,
and sputtering output 400 W. The substrate was a silicon
substrate.

Evaluation

The materials produced in Experimental Examples 1 to 18
were processed into materials for various evaluations, and
the following evaluations were performed. Table 1 shows
the evaluation results.

(1) Bulk Density and Open Porosity

The bulk density and the open porosity were measured by
an Archimedean method that uses pure water as a medium.

(2) Evaluation of Crystal Phase

Each of the materials was crushed with a mortar, and the
crystal phase was identified using an X-ray diffractometer.
The measurement conditions were Ca, 40 kV, 40 mA, and
20=10-70°, and a sealed-tube X-ray diffractometer (D8
ADVANCE manufactured by Bruker AXS K. K.) was used.
The measurement conditions for sputtered films were CuKa,
50kV, 300 mA, and 26=10-70°, and an X-ray diffractometer
(RINT 2000 manufactured by Rigaku Corporation) was
used. The step size of the measurement was 0.02°. When the
diffraction angle at a peak top was identified, in a powder
sample, 3 mass % of a Si standard sample powder
(SRM640C) manufactured by NIST was added as an inter-
nal standard to correct the peak position. A value of ICDD
78-0430 was used as the diffraction angle at a peak top of
magnesium oxide. The peak positions of an MgO—
Ga,0;—Li,0 solid solution were determined as follows.

(3) Peak Position

In order to relatively compare the amounts of Ga and Li
dissolved in the MgO—Ga,0;—Li,0 solid solution, the
peak position of a (200) plane of the MgO—Ga,0;—Li,0
solid solution was determined. In the measurement result, it
was confirmed that diffraction peaks were detected near an
MgO (111) plane (36.93°), (200) plane (42.90°), and (220)
plane (62.29°) as shown in ICDD 78-0430. Then, the beak
position was determined using the peak at the diffraction
angle of the (200) plane as a (200) plane of the MgO—
Ga,0;—Li,0 solid solution itself.

(4) Constituent Element

A portion of the obtained sintered body was crushed with
a mortar and then subjected to chemical analysis. The
chemical analysis was performed by dissolving the samples
for Mg, Ga, and Li and then performing chelatometry for Mg
and inductively coupled plasma-atomic emission spectros-
copy for Ga and Li. Mass % of O was determined by
subtracting mass % of mg, mass % of Ga, and mass % of L.i
from 1.00 mass % which was assumed to be the total. The
mass percentage of each element was divided by the atomic
weight of the corresponding element, and then at % of each
element, the sum of which was 100 at %, was determined.
The ratio of Li to Ga (Li/Ga ratio) was determined. For the
sputtered film of Experimental Example 3, the secondary ion
intensities of Mg, Ga, and Li were measured by SIMS for the
sintered body and the sputtered film. The same measurement
conditions were applied to the sintered body and the sput-
tered film.

Evaluation Results

As a result of the evaluation of crystal phases, it was
found that, in the ceramic materials of Experimental
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Examples 2 to 10 and 12 to 17 in which Li,CO; was added,
the XRD peaks of a (111) plane, a (200) plane, and a (220)
plane of the magnesium oxide shifted to higher angels. Table
1 shows, as a representative example, a peak position of the
XRD peak that indicates a (200) plane near 42.90°. FIG. 2
shows XRD analysis charts of Experimental Example 1 and
Experimental Example 3 as representative examples, and
FIG. 3 is an enlarged view near the (200) plane. Experi-
mental Examples other than Experimental Examples 1 and
3 are not shown because the contents of the MgO—Ga,O,—
Li,0 solid solution and MgGa,O, serving as a minor phase
were changed. As shown in FIGS. 2 and 3, the peak position
shifted to higher angles with respect to the peak position of
ICDD 78-0430 in both Experimental Examples 1 and 3. This
may be because the ionic radius of Ga>* (0.62 A) is smaller
than the ionic radius of with six coordination expected in a
rock salt structure and the ionic radius of Li* (0.76 A) is
larger than the ionic radius of Mg?* (0.72 A), and Mg** was
replaced with a single ion of Ga** and a single on of Li*
dissolution and thus the lattice shrank on the whole. In
Experimental Example 1 in which Li,CO, was not added, a
trace amount of an MgO—Ga;0; solid solution was con-
sidered to be formed. In Experimental Example 3 in which
Li,CO; was added, an MgO—Ga,0,—Li,0 solid solution
was considered. to be formed. As a result of XRD analysis
and EPMA analysis or microstructure observation per-
formed on Experimental Examples 1 to 18, it was found that
the MgO—Ga,0;—Li,0 solid solution was a main phase in
Experimental Examples, 2 to 10 and 12 to 17. In the
MgO—Ga,0;—Li,0 solid solution, it is expected that Li,O
is dissolved in Ga,O; at an equimolar ratio to keep elec-
troneutrality. Therefore, it was considered that Ga,O; was
completely dissolved and thus the minor phases were not
present in Experimental Examples 3 to 8 and 12 to 17 in
which the molar ratio Li/Ga was about 1 or more whereas
minor phases derived from an excess amount of Ga,O; were
formed in Experimental Example 2 in which the molar ratio
Li/Ga was less than I. In Experimental Examples 9 and 10,
the minor phases were formed despite the fact that the molar
ratio Li/Ga was 1. This may be because the amounts of
Ga,0; and Li,0 added were large and thus exceeded the
solid-solubility limit of MgO. In Experimental Example 7,
when an excess amount of [i,O relative to Ga,O, was
added, minor phases were not found. This may be because
an excess amount of [.i,0 was volatilized and did not remain
in the ceramic material. Note that the main phase refers to
a component whose content is 50% or more on a volume
basis and the minor phases refer to phases, other than the
main phase, which are identified by XRD analysis or which
are not identified by XRD analysis but whose peak is clearly
detected. The area ratio measured by cross-sectional obser-
vation is considered to reflect the volume ratio. Therefore,
the main phase is defined as a region that occupies an area
of 50% or more, which is determined by the SEM observa-
tion and the EPMA element mapping image. Other methods
for quantification of the main phase and minor phases may
be employed as long as the volume ratio of phases can be
identified.

TABLE 1
Firing

MgO  Ga,0; Li,CO; MgO  Ga,0O3 Li,O Temper- Firing Bulk Open Peak Li/Ga

(mass  (mass  (mass (mol (mol (mol ature  Atmo- Density Porosity Main Minor Position” Molar
Composition %) %) %) %) %) %) (°C.) sphere (g/em?) (%) Phase? Phase ) Ratio
Experimental ~ 94.37 5.63 0 98.73 1.27 0.00 1500 Air 3.60 0.02  MgOssl MgGa,0, 42.94
Example 1
Experimental  93.34 5.57 1.10 98.11 1.26 0.63 1500 Air 3.55 032 MgOss2 MgGa,0,  42.94

Example 2
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TABLE 1-continued
Firing

MgO  Ga,0; Li,CO; MgO Ga,0O; Li,O Temper- Firing Bulk Open Peak Li/Ga

(mass  (mass  (mass (mol (mol (mol ature  Atmo- Density Porosity Main Minor  Position® Molar
Composition %) %) %) %) %) %) (°C.) sphere (g/em?) (%) Phase! Phase ) Ratio
Experimental ~ 92.33 5.30 237 9743 1.20 1.36 1500 Air 3.51 0.00  MgOss2 Not 42.96 1.11
Example 3 found
Experimental ~ 92.33 5.30 237 9743 1.20 1.36 1200 Air 2.13 35.61 MgOss2 Not 4293
Example 4 found
Experimental ~ 92.33 5.30 237 9743 1.20 1.36 1400 Air 3.48 0.01 MgOss2 Not 42.96
Example 5 found
Experimental ~ 92.33 5.30 237 9743 1.20 1.36 1600 Air 3.52 0.00  MgOss2 Not 42.94
Example 6 found
Experimental ~ 90.36 5.39 425  96.29 1.24 2.47 1500 Air 3.45 0.56 MgOss2 Not 42.96
Example 7 found
Experimental ~ 79.18  14.93 589  92.50 3.75 3.75 1500 Air 3.46 0.09 MgOss2 Notd 43.02
Example 8 foun
Experimental ~ 55.23  32.11 12.66  79.99  10.00 10.00 1500 Air 3.37 3.07 MgOss2 MgGa,0,;  43.18
Example 9
Experimental ~ 41.85 41.71 1644  70.00  15.00 15.00 1500 Air 3.32 798 MgOss2 MgGa,0,  43.28
Example 10
Experimental 100 0 0 100.00 0.00 0.00 1500 Air 3.24 4.29 MgO Not 42.90
Example 11 found
Experimental ~ 95.99 2.84 1.16  98.72 0.63 0.65 1500 Air 3.55 0.00  MgOss2 Not 4293 1.04
Example 12 found
Experimental ~ 88.33 8.35 332 96.08 1.95 1.97 1500 Air 3.56 0.00  MgOss2 Not 42.98 1.01
Example 13 found
Experimental ~ 96.00 2.84 1.16  98.72 0.63 0.65 1300 N, 3.61 0.01 MgOss2 Not 42.92
Example 14 found
Experimental ~ 96.00 2.84 1.16  98.72 0.63 0.65 1300 Ny 3.59 0.03  MgOss2 Not 4293 0.97
Example 15% found
Experimental ~ 88.33 8.31 336  96.06 1.94 2.00 1300 Ny 3.68 0.10  MgOss2 Not 42.98
Example 16 found
Experimental ~ 88.33 8.31 336  96.06 1.94 2.00 1300 Ny 3.65 0.03  MgOss2 Not 42.96 1.03
Example 17 found
Experimental 100 0 0 100.00 0.00 0.00 1500 Ny 3.57 0.30 MgO Not 42.90
Example 18 found
1)MgOssl refers to an MgO—Gay03 solid solution and MgOss2 refers to an MgO—GayO3—Li>0 solid solution

2Peak position of MgO (200)

3)Annealing treatment in the air at 1450° C. after the hot pressing in Experimental Examples 14 and 16

FIG. 4 shows backscattered electron images by SEM
observation in Experimental Examples 1 and 3. Referring to
FIG. 4, a gray phase was observed in grain boundaries and
the precipitation of minor phases (heterogeneous phases)
was expected in Experimental Example 1 in which Li was
not added whereas such a phase was not observed in
Experimental Example 3. Therefore, it was considered in
Experimental Example 3 that an MgO—Ga,O0;—Li,0 solid
solution obtained by dissolving Ga,O; and Li,O in MgO
was formed because the peak position of the (200) plane
shifted to higher angles, the molar ratio Li/Ga was 1 mole or
more and the minor phases were not observed, and a bright
phase was not observed in the backscattered electron image
compared with a matrix. Although there is a difference in the
formation of minor phases, the MgO—Ga,0;—1.i,0 solid
solution was also considered to be formed in Experimental
Examples 2 and 4 to 10. Furthermore, it was found that the
amount of heterogeneous phases was smaller when the XRD
peak of the (200) plane appeared at 26=42.91° to 43.28°, and
heterogeneous phases were substantially not contained when
the XRD peak of the (200) plane appeared at 26=42.91° to
43.02°.

In Experimental Examples 4 to 6, the heat treatment was
performed at 1200° C., 1400° C., and 1600° C., respectively.
Compared with the heat treatment at 1500° C., the peak
position of the (200) plane shifted to higher angles and
minor phases were not observed. Therefore, the solid solu-
tion state was not considerably changed, and an MgO—
Ga,0;—Li,0 solid solution was found to be obtained. Also
in Experimental Examples 14 to 17 in which the heat
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treatment was performed at 1300° C., the solid solution state
as not considerably changed, and an MgO—Ga,0,—Li,0
solid solution was found to be obtained.

In Experimental Examples 14 to 17 in which hot pressing
was performed in an N,, atmosphere, an MgO—Ga,0,—
Li,0 solid solution not including minor phases was obtained
as in Experimental Example 3 in which the firing was
performed in the air. This suggests that hot pressing is a
better method to obtain a dense sintered body having low
open porosity. As is clear from the above results, the heat
treatment temperature is preferably 1200° C. or more, more
preferably 1.300° C. or more, and further preferably 1400°
C. or more. In view of energy consumption, the firing
temperate is believed to be desirably 2000° C. or less,

In Experimental Examples 15 and 17, an annealing treat-
ment (oxidizing treatment) was performed in the air after the
hot pressing in Experimental Examples 14 and 16. It was
found that, even if the annealing treatment was performed,
the MgO—Ga,0,—Li,0 solid solution did not change and
additional minor phases were not formed, and thus the
ceramic material was stable. Furthermore, the ceramic mate-
rials of Experimental Examples 14 and 16 showed gray on
the whole after hot pressing, and were assumed to have
oxygen defects. The ceramic materials of Experimental
Examples 15 and 17 after the annealing treatment showed
White on the Whole, and the oxygen defects were assumed
to be eliminated. Therefore, it was found to be effective in
order to eliminate oxygen defects that the ceramic material
is subjected to an annealing treatment in an oxidizing
atmosphere after hot pressing.
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Next, sputtered films produced using the sputtering tar-
gets formed of the materials in Experimental Examples 3
and 11 were subjected to XRD analysis. Furthermore, the
ceramic material in Experimental Example 3 and a sputtered
film produced using the sputtering target in Experimental
Example 3 were subjected to SIMS analysis. In the sputtered
film produced from the material in Experimental Example 3,
minor phases other than MgO were not found from the XRD
analysis. In both the sputtered films produced from the
targets in Experimental Examples 3 and 11, the XRD peak
of'the (111) plane shifted to lower angles compared with the
sintered bodies. The XRD peak of the (111) plane of the
sputtered film in Experimental Example 3 shifted to higher
angles by 0.06° compared with the XRD peak of the (111)
plane of the sputtered film in Experimental Example 11. The
shift to lower angles in the sputtered film in Experimental
Example 11 is believed to be due to the influence of a
deposition substrate. Although the shift in the sputtered film
in Experimental Example 3 is also believed to be due to such
an influence, the XRD peak in the sputtered film in Experi-
mental Example 3 shifted to higher angles compared with
the XRD peak in the sputtered film in Experimental
Example 11. This may be because gallium oxide and lithium
oxide were dissolved in magnesium oxide. FIG. 5 shows the
SIMS measurement results of the ceramic material in
Experimental Example 3 and the sputtered film produced
from the sputtering target in Experimental Example 3. The
secondary ion intensities of Mg, Li, and Ga were measured
at a depth of about 0.1 um to 0.5 pm from the outermost
surface in order to remove the influence of contaminants and
the like on the outermost surface. In FIG. 5, the horizontal
axis shows the depth from the surface and the vertical, axis
shows the secondary ion intensity of each element. Since
there is no significant difference in the secondary ion inten-
sities of Mg, Ga, and Li between the sintered body and the
sputtered film, the sintered body and the sputtered film are
believed to have substantially the same composition. In the
XRD analysis, the peak shift to higher angles was observed
compared with the sputtered film constituted by only MgO
in Experimental Example 11 and the minor phases were not
observed. In the SIMS analysis, the sintered body and the
sputtered film had substantially the Same composition.
Therefore, it was found that the MgO—Ga,0;—1Li1,0 solid
solution was also formed in the film body produced from the
ceramic material by sputtering. It is known that the crystal
plane that appears in the sputtered film is dependent on the
ultimate vacuum of an apparatus, and thus a film having a
crystal plane other than (111) can be formed by controlling
the ultimate vacuum (Reference Document: J. Vac. Soc. Jpn.
Vol. 43, No. 2, 2000 (p135)).

As described above in detail, the produced ceramic mate-
rial can provide a sputtering target in which Ga,O; and Li,O
are dissolved in part of MgO at room temperature. This is
assumed to be as follows. Part of Mg is replaced with Ga and
the thus-formed cation defects are replaced with Li. As a
result, the electroneutrality is kept without forming cation
defects. In particular, when minor phases are not formed, a
sputtering target that is used in a simple apparatus and
process compared with co-sputtering and that does not easily
generate dust compared with a composite target can be
produced. Furthermore, since a solid solution is obtained, in
which Dart of MgO is replaced with Ga,O; and Li,O at
room temperature, a film body in which part of MgO is
replaced with Ga,O; and Li,O can be produced by sputter-
ing. Cation defects are not easily formed in this film body for
the above reason. Therefore, when an MTJ element is
produced, it is likely that the magnetoresistance ratio is
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maintained and also a tunnel barrier is formed in which the
tunnel resistance can be artificially changed, for example,
the tunnel resistance is decreased due to the influence of is
and Li.

The present invention claims priority from Japanese pat-
ent application No. 2012-245465 filed on Nov. 7, 2012, the
entire contents of which are incorporated herein by refer-
ence.

INDUSTRIAL APPLICABILITY

The ceramic material of the present invention is used as
a sputtering target member for producing a magnetic tunnel
junction element such as a magnetic head of a hard disk and
a magnetoresistive random access memory.

What is claimed is:

1. A ceramic material comprising magnesium, gallium,
lithium, and oxygen as main components, wherein a crystal
phase of a solid solution obtained by dissolving gallium
oxide and lithium oxide in magnesium oxide is a main
phase,

wherein, assuming that contents of compounds containing

magnesium, gallium, and lithium, the compounds being
contained in a starting material, are respectively calcu-
lated based on magnesium oxide (MgO), gallium oxide
(Ga,0;), and lithium oxide (Li,0O) and a total content
of the magnesium oxide, the gallium oxide, and the
lithium oxide is 100 mol %, a content of the magnesium
oxide is 90.0 mol % or more and 99.8 mol % or less,
a content of the gallium oxide is 0.1 mol % or more and
5.0 mol % or less, and a content of the lithium oxide is
0.1 mol % or more and 5.0 mol % or less.

2. The ceramic material according to claim 1, wherein an
XRD peak of a (200) plane of the solid solution measured
with CuKarays appears at 26=42.91° or more which is
larger than an angle at which a peak of a cubic crystal of
magnesium oxide appears.

3. The ceramic material according to claim 1, wherein an
XRD peak of a (200) plane of the solid solution measured
with CuKa rays appears at 20=42.91° to 43.28°.

4. The ceramic material according to claim 1, wherein an
XRD peak of a (200) plane of the solid solution measured
with CuKa rays appears at 20=42.91° to 43.02°.

5. The ceramic material according to claim 1, wherein the
ceramic material does not contain MgGa,O, as a minor
phase.

6. The ceramic material according to claim 1, wherein a
molar ratio Li/Ga of Li to Ga is 0.80 or more and 1.20 or
less.

7. The ceramic material according to claim 1, wherein in
the solid solution, an XRD peak measured with CuKa rays
shifts to higher angles with respect to an XRD peak of
magnesium oxide measured with CuKa rays.

8. The ceramic material according to claim 1, wherein in
the solid solution, an XRD peak measured with CuKa rays
shifts to higher angles by 0.01° or more and 0.10° or less
with respect to an XRD peak of magnesium oxide measured
with CuKa rays.

9. The ceramic material according to claim 7, being
formed in a film-like shape.

10. The ceramic material according to claim 8 being
formed in a film-like shape.

11. A sputtering target member comprising the ceramic
material according to claim 1.

12. The sputtering target member according to claim 11,
being used for producing a tunnel barrier of a magnetic
tunnel junction element.
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13. The sputtering target member according to claim 12,
being used for producing the magnetic tunnel junction
element, the magnetic tunnel junction element being at least
one of a magnetic head of a hard disk and a magnetoresistive
random access memory. 5
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